The capacity of serum albumin to bind bromsulphthalein (b.s.p.) has been studied using the technique of gel filtration. Data from each of four groups of subjects (pregnant women, newborn infants, women taking an oral contraceptive, and male controls) show a virtually hyperbolic relationship between the molecule per molecule binding of b.s.p. and the concentration of albumin. There was also a significant difference between the binding capacity of albumin from the newborn and that from the other three groups, amongst which there were also significant differences.
Recently it was claimed by Crawford and Hooi (1968) that the number of molecules of bromsulphthalein (b.s.p.) bound per molecule of serum albumin diminished as the concentration of albumin in the solution increased. The suggestion was also made that the extent of molecule per molecule bindings was different in the "pregnancy hormone group of subjects" (pregnant patients, newly-born infants, and subjects taking an oral contraceptive) from that in the "non-pregnancy group" of male and female controls. The implications of these claims are rather substantial, especially in the fields of pharmacokinetics, protein chemistry and obstetric and neonatal medicine, and it was therefore felt that an attempt should be made to substantiate them. In the earlier study the extent of binding had been investigated by using the technique of equilibrium dialysis. We decided to use an entirely different, and possibly more sensitive, technique when approaching the problem afresh.
Several methods of examining the characteristics of protein binding are now well established. After consideration, we decided to apply the techniques of gel filtration, as this offers the prospect of obtaining data comparable with those obtained from dialysis, at a pH appropriate to serum, without the problems of membrane binding and the Donnan effect. Porath and Flodin (1959) introduced paniculate dextran gels as a means of separating solutes differing in molecular size, and cross-linked dextran gels are now commercially available under the trade name Sephadex. This substance is a modified dextran, the macromolecules being cross-linked to give a three-dimensional network of polysaccharide chains. Sephadex, which is supplied in beads of uniform size so that the finally-obtained column has even flow and separation properties, swells markedly in water and electrolyte solutions, because of its high content of hydroxyl groups. A range of material is available, the choice being determined by the respective sizes of the molecules to be separated.
The principle of gel filtration is, in essence, the converse of the familiar sieve. Whilst the latter allows smaller particles through its interstices and retains larger ones, when a mixture of dissimilar-sized molecules is placed on a Sephadex column of appropriate type, the large molecules cannot penetrate the gel particles and pass through the gel bed in the liquid phase, whereas the smaller molecules do penetrate the gel particles and hence tend to be retained for longer. The result is that larger molecules pass through the column more rapidly; that is, elution occurs in order of decreasing molecular size.
an account of the initial attempts to evolve a satisfactory technique, are given elsewhere (Davies, 1970) . Attention here need be drawn to only one major modification of what is, in reality, a standard procedure. When a sample of serum mixed with b.s.p. was loaded on to a column which had been appropriately charged with S0rensen's M/15 phosphate buffer, and 2 ml aliquots of eluent were colleaed during the subsequent 18 hours, a high concentration of b.s.p. was found in those aliquots which contained albumin, but a relatively high concentration of dye was also found in subsequent aliquots. That is to say, there was no sharp drop in the level of concentration of b.s.p., which should have denoted the change from bound-plus-free dye to solely free dye. The reason for this tailing-off effect was that those molecules of b.s.p. which, at the top of the column, were unbound, entered the gel particles and their progress through the column was relatively slower. However, the separation of bound from unbound dye upset the binding equilibrium, and as a result, dye was freed from protein. Thus the amount of b.s.p. found in association with albumin on emergence from the column did not reflect the state of fully saturated protein binding capacity. In order to overcome this, the column was first charged with b.s.p., as originally suggested by Hummel and Dryer (1962) . The background concentration of b.s.p. in the elute being thus known, the excess of dye which emerged from the column in association with albumin could be accepted as a measure of the amount of dye required fully to saturate the protein bonds.
Ultimately the system which we used consisted of the following: the Sephadex column was charged from a reservoir with a solution containing 10 mg/100 ml b.s.p. in M/15 phosphate buffer (pH 7.4). A sample of serum (0.5 ml-sufficient to cover the surface of the gel) was loaded on to the column and the reservoir of buffered b.s.p. solution reconnected. The resultant elute from the initial runs using this system was collected in fractions of 2 ml each. The samples were alkalinized with 1 ml N sodium hydroxide, diluted to 50 ml with phosphate buffer and read against a phosphate buffer blank at 580 mjn in an S.P.800 spectrophotometer. The resultant elution profile ( fig. 1) showed the increased concentration of b.s.p. associated with albumin, and the subsequent fall below the general background level of concentration, representing that part of the column from which albumin had abstracted dye. The area above the baseline should thus have equalled the area below the baseline. As demonstrated in table I, the discrepancy between peaked areas in duplicate runs was no higher than 2 per cent, and that between peaked and dipped areas during the same run was approximately 4 per cent. Those discrepancies reflected, at least in part, faults occurring during the dilution and transfer of samples, but the trials did serve to reassure us that we could separate and measure the amount of bound b.s.p. Further investigations revealed that all the protein came off the column in the 100 ml of elute which was collected after the first 25 ml had been drained off. This allowed us to dispense with the fractionator and to collect the appropriate 100 ml in a single flask. After dilution and pH adjustment, the b.s.p. concentration was assayed spectrophotometrically, and by subtracting the background concentration level, the amount of bound dye could be calculated. A comparison of the results obtained by using each of the two collecting techniques is presented in table II, and table III shows the high degree of reproducibility of the "single flask" collector technique. The concentration of albumin in the elute could not be determined spectrophotometrically because of interference by the strong absorption of b.s.p. at 280 ta/.i. Use of the Auto-Analyzer was considered inappropriate for the purpose, as rhis method involves the dye-binding property of the protein. We therefore assayed the concentration of albumin in an aliquot of each sample of serum under review by the long-established, although laborious, method of salt-fractionation. The reproducibility of this method of assay is presented in table IV.
We assumed that virtually all of the b.s.p. bound to protein was bound to albumin. That this was the case was suggested in the previous study (Crawford and Hooi, 1968) , and was confirmed by further electrophoretic analysis, which revealed that apart from a minute quantity of b.s.p. which was bound to a, globulin, all of the bound dye was associated with the albumin fraction.
The molecule per molecule binding was calculated as follows: mg b.s.p. bound/MW b.s.p. mg albumin in 0.5 ml serum/MW albumin The amount of b.s.p. found was the amount brought down in association with albumin, less the background b.s.p. from the charged column. The molecular weight of b.s.p. is 839, and that of albumin was taken to be 69,000.
Material.
The b.s.p. binding capacity of albumin in serum sampled for the following subjects was determined. Each determination was made in duplicate, the mean being used for analysis of results: Fifty pregnant patients, without gross obstetric or non-obstetric pathology, at or close to term.
Fifty neonates (cord blood samples). Fifty healthy women who had each been taking an oral contraceptive for at least 4 months. The drugs being taken were: Gynovlar 21, Ovulen, Nuvacon, Lyndiol 2.5, Norinyl-1 and OrthoNovin.
Fifty healthy male controls. Thirty healthy women who were neither pregnant, nor taking an oral contraceptive, nor-menopausal. The difficulties encountered in identifying suitable candidates for this group resulted in our having only thirty rather than fifty subjects, and probably also contributed to the rather bizarre results detailed below.
RESULTS
In this presentation we refer to the number of molecules of b.s.p. bound per molecule of albumin as "b.s.p.", and to the concentration of albumin in g per cent as "albumin".
The five groups of patients studied will be referred to as (1) Pregnant, (2) Neonates, (3) Pill, (4) Male and (5) Female Controls respectively. Empirical study of the data suggested that for the first four groups the relationship between log b.s.p. and log albumin was roughly linear. Suppose the values of log b.s.p. are denoted by y and those of log albumin by x. The frequency distributions of y and x shown in table V give a useful impression of the general pattern of results.
Apart from female controls, the general impression of a linear decrease of log b.s.p. with increasing albumin can be inferred from the high concentration of the frequencies along the diagonal. Two questions of immediate importance are therefore as follows. Does a linear relationship between y and x provide an adequate model for the data for each group? If so, can the same linear model be used for all groups? In mathematical terms, the first question is about the relationship for each of the five groups (i=l, 2, 3, 4, 5) given by y=m + ai + biX (i=l, 2, . . ., 5) (1) where m is a constant common to all groups. It is convenient to define m so that a t + a,+ . . + a s = 0. The second question asks whether the simpler model y=m + bx (2) is adequate for data arising from any of the groups.
Analysis of the female control group showed that there was no statistically significant correlation between y and x. In view of the results for other groups, this is very unexpected but the results can probably be discounted as the female controls are suspected to be a very unhomogeneous group. Because we did not personally obtain blood samples from most of these subjects, and the doubts implied in the previous section remain strong, we feel justified in abandoning fur- ther discussion of this group, and the following analysis is related to the remaining four groups only.
Analysis of the data showed a slight curvature in the relationship between y and x. This is evident to some extent from the frequency distributions by the concentration of frequencies above the diagonal rather than equal distribution on either side of the diagonal. This made the inclusion of a quadratic term in x in the models give a better fit than linear alone. The revised general model is accordingly (i=l, 2, 3, 4) (3) which might possibly be replaced by the simpler relationship adequate for all groups y=m+bx + cx 2 (4) The quadratic models do provide an adequate description of the variation of the data for each group. The curvilinear relationship between y and x is the same for each group of patients in the sense that common linear and quadratic coefficients, b and c, can be assumed for all groups. However, the location of the curves is different for each group because inclusion of different constants ai in the model is required for adequate representation of the data. Thus the model that was finally demonstrated to represent the data adequately was of the form y=m + a, + bx + cx 3 (i=l, 2, 3, 4) (5) The results leading to these conclusions were as follows. The models (3) and (5) were fitted in turn to the data by standard least squares techniques assuming the same error variability or variance of the y's about the model for each group. From the results, the following analysis of variance can be obtained to demonstrate that it is not necessary to use different coefficients b 1; Q for each group. 
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The non-significant F ratio obtained for the variation of the group bi and Ci about the common value b, c establishes that the model (5) is quite adequate instead of the more complex model (3). The highly significant F ratio for common b, c establishes the predictive power of the x and the x* terms in the model. The fact that it is necessary to include x a as well as x in the model was shown by a similar analysis of which the details are not given here. The fitted values for model (5) and means (Xi,y{) are given by m= 1.5660, b= -1.21745, c=o.6i472 Pregnant a x =-0.0009 Ji =I -°753 ^1=0.5652
Neonates aj,= -0.0067 j 2 = 1.0668 ^2=0.5723 Pill a,= 0.0063 J»= io6o 5 x s =o.6o88
Male a 4 = 0.0013 ^4=1.0370 ^=0.6487
The fitted curves, y = m + a, + bx + ex 2 are sketched on the accompanying graph ( fig. 2) .
A further problem is to demonstrate that it is necessary to include the different constants ai in the model instead of using the simpler model (4). To this end, the model (4) The large F ratio of 11.7 is highly significant and shows that for prediction purposes it is necessary to include the group constants ai. The accuracy of prediction of the fitted model can be roughly gauged by noting that the error mean square, s 2 is an estimate of the variance of y about the model for any x. The estimated standard deviation, s, is therefore 0.0105. This can be compared with the estimated standard deviation of log b.s.p. obtained by ignoring the variability of albumin values within a group and estimating the standard deviation of log b.s.p. when treating each group as a homogeneous set. In other words the variability of y within the whole population is estimated rather than the variability of y about the model when x is known. The standard deviation of y ignoring x is 0.0288 which is nearly three times as high as the standard deviation of y about the model when x is known. This is one indicator of the likely efficacy of the model. It has been shown that all four groups are not homogeneous in that different values for a t must be included in the model. Now, particular differences between the groups are examined by taking the groups in pairs. The two groups with closest curves are Pregnant and Male with a, -a 4 = -0.0022. The standard error of estimation of a, -a 4 can be obtained as 0.0024 and a test (using the t distribution) of whether the Preg-nant and Male curves have equal a's leads to the conclusion that the difference between the fitted curves is not significant. The next closest pair is the Pill and Male group with a 3 -a 4 = 0.0050. The standard error of estimation of a, -a 4 is 0.0021 and a /-test leads to the conclusion that the Pill and Male curves are significantly different at the 2 per cent but not the 1 per cent level of probability. Thus the statistical evidence for accepting different curves for Pill and Male is strong but not overwhelming. The other pairs of groups are further apart and would be declared significantly different as much lower levels of probability.
DISCUSSION
The results leave little reason for doubting the validity of the previously expressed contention (Crawford and Hooi, 1968) that, within the physiological range, an increasing concentration of albumin is correlated directly with a diminishing binding capacity of the albumin molecule. The earlier suggestion that the relationship was linear has, however, been abandoned in favour of something approaching a hyperbolic correlation. In retrospect, the linear equations advanced by Crawford and Hooi (1968) made too little sense in terms either of physicochemistry or of biology, because of the rapidity with which the axes were approached.
A further discrepancy between the present results and those of the previous study lies in the two-or threefold difference in the number of molecules of b.s.p. calculated to have been bound to albumin at the various levels of concentratioa This might reflect a simple arithmetic error perpetuated throughout the previous study (the raw data of which are unfortunately lost), but it is equally likely that Crawford and Hooi (1968) , using the technique of equilibrium dialysis, did not in fact examine albumin whose potential b.s.p.-binding sites had been fully saturated. If the latter postulate proves to be correct it will be of considerable importance, for it will imply that even under conditions of partial saturation (a state applicable to most situations of drug transport in the serum under therapeutic conditions) the basic relationship with which this paper is concerned still holds. Studies are in progress to examine this, and it is hoped to use the postulate as one of the tools for examining the kineticsand indeed the nature of the binding process.
The present study has not advanced to any extent our understanding of the process whereby a change in protein concentration is correlated with a change in molecule for molecule binding. Extensive search of the literature has failed to reveal any reference to this simple relationshipwhich appears to us to be of fundamental importance in the field of biology (as suggested by Crawford, 1969 )-other than a note by Reynolds and associates (1967) who, in the course of their discussion, remarked merely that they could not explain the phenomenon. We have good reason to believe that the effect is not solely related to the influence of simple dilution (unpublished observations). However, we strongly suspect that a variation in the influence of water molecules, in one form or another, acting singly or in agregations, does play a significant role. In support of this, we would cite a review by Klotz (1958) of the possible role of water on the binding process.
The-results of the second part of the studya comparison of the binding capacity of the serum albumin molecule from various groups of subjects-contrasts markedly with the tentative conclusions drawn from the previous study. Crawford and Hooi had suggested that there were two distinct "families", the "pregnancy hormone group" and the male and female controls. In retrospect it is apparent that the lines depicted in their illustration of this could well represent tangents of the curves which would have been better representative of the relationship between binding and concentration, and these tangents gave a false impression of distinctiveness because of the relatively high level of concentration of albumin in the sera of the control subjects. According to the results of the present study, there is indeed a distinction to be made between the groups, but it is much less easy to proffer an explanation for it, and the confusion is compounded by the unfortunate failure to obtain valid data respecting female controls. For the moment, all that can be said is: (a) that the albumin from neonates is distinguishable to a highly significant degree from the albumin from all three groups of adult subjects (a suggestion that foetal albumin differs from adult albumin has recently been published by Krasner and Yaffe (1970) ); (b) that the albumin from subjects taking an oral contraceptive differs significantly in this respect from albumin in pregnant patients (a finding which remains for us totally inexplicable); and (c) that there is a marginally significant difference between the binding properties of the serum albumin of male controls and subjects taking a contraceptive.
Evidently, much work remains to be done in exploring these correlations and contrasts. Studies are in progress to define the physicochemical and phannacokinetic significances of the relationships described, and will be reported on in due course.
